The inner histone complex, extracted from chicken erythrocyte chromatin in 2 M NaCI at pH 7.4, has been characterized by sedimentation equilibrium and sedimentation velocity. High speed sedimentation equilibrium studies indicate that in 2 M NaCI the inner histories are a weakly associating system with contributions from species ranging in molecular weight from dimer to octamer. The appearance of a single boundary (3.8S at 2 M NaCI) in sedimentation velocity studies conducted over a wide range of protein concentrations and ionic conditions indicates that the various histone oligomers present are in rapid equilibrium with one another. At higher salts the equilibrium is shifted to favor higher molecular weight species; in 4 M NaCI essentially all of the histone is ocrameric at protein concentrations above 0.2 mgTrnl. The facile interconversion of histone oligomers suggests that small alterations in histone-histone interactions may be responsible for changes in nucleosome conformations during various biological processes.
INTRODUCTION
Extraction of histones from chicken erythrocyte chromatin with 2 M NaCI at pH 7.4 yields predominantly two species: a slowly sedimenting (1.4S) fraction containing the Iysine-rich histones (HI and H5) and a rapidly sedimenting (3.8S) fraction containing the "inner histones" (H2A, H2B, H3, and H4) (1) . Sedimentation equilibrium studies indicated an average molecular weight of about 51,000 daltons for this inner histone complex (1) -approximately what would be expected for a tetramer containing one subunit of each of the inner histones. This complex was shown to contain equimolar amounts of the inner histones and was denoted a "heterotypic tetramer" (1) . Since nucleosome core particles appear to contain two of these heterotypic tetramers associated with 140 base pairs of DNA (2, 3) , the heterotypic tetramer was postulated as a fundamental structural component of the nucleosome, with important biological consequences for replication, transcription, and development (4) .
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Researchers at another laboratory (5), using 2 M NaCI extraction of histones at pH 8, suggested on the basis of chemical cross-linking experiments that the predominant inner histone species in 2 M NaCI is a heterorypic octamer containing two each of the four inner histones. More recently, equilibrium cenrrifugation results supporting a histone octamer of 107,000 daltons were published (6) . In yet another report (7) , lightscattering measurements yielded an apparent molecular weight of 56,000 daltons for the inner histones in 2 M NaCI. The chemical nature of the "tetramer" remains in doubt as well. While a great deal of data supports the concept of a heterorypic species (1, 6, 8) others (9) believe the high salt histones are composed of a mixture of homotypic forms (H3-H4 tetramers and H2A-H2B dimers). Molecular weight studies alone cannot distinguish these compositional differences. However, studies of the protein concentration dependence and solvent effects on the molecular weights can be used as a probe of the stability of various classes of oligomers.
Because of the continuing disagreement concerning the aggregation state of saltextracted inner histones, we have conducted our own molecular weight determinations.
Our results are consistent with the presence of a concentration-dependent mixture of histone oligomers in 2 M NaCI. Furthermore, we show that at higher salt concentrations (4 M NaCI) this equilibrium mixture can be shifted almost entirely into the octameric form, with only slight dissociation at very low protein concentrations (<0.2 mg/ml).
METHODS

Inner Histone Preparation
Chicken erythrocyte nuclei were prepared from either fresh chicken blood or frozen chicken blood obtained from Pel-Freez (Rogers, AR) (10). The nuclear pellet was extracted with 0.35 M NaCI, 1 mM phenylmethylsulfonyl fluoride (PMSF). All subsequent buffers used in the isolation contained 0.1 mM PMSF to inhibit proteolysis. Nuclei were swollen in 1 mM Na.EDTA and further swollen and lysed in glass-distilled water.
This crude chromatin was mode 10 mM in Tris-HCl (pH 7.4), 10 mM in dithiothreitol (DTT), and 0.1 mM PMSF. Solid NaCI was added slowly with thorough mixing to a final concentration of 2 M, and the material was extracted for 6-24 hr. DNA was removed from this extract by centrifugation in a Beckman Ti-50 rotor at 48,000 rpm for 12 hr at 4°C. The supernatant was collected and concentrated by vacuum dialysis. The concentrated NaCI extract (A ? _g = "6.5) was layered on 5-20% sucrose gradients con- All ultracentrifugation experiments were conducted with a Beckman Model E ultracentrifuge equipped with UV absorbance optics and scanner.
For equilibrium centrifugation, standard double-sector cells containing a sample column of ~3 mm were used. The meniscus depletion method (12) Table 1 for comparison. These range from 40,000 (data not shown) to 65,000 daltons in 2 and 4 M salt, respectively, and do not correspond closely to any known histone oligomer. A molecular weight of 40,000 in 2 M salt would require a mixture of four different histone trimers in order to account for the stoichiometry observed on polyacrylamide gels (Fig. IB) . We conclude, therefore, that the partial specific volume of the core histone complex must be at the upper end of the reported experimental range.
The apparent concentration dependencies which we observe from the distributions of molecular weights across the equilibrium ultracentrifuge cell are shown at 2 M and 4 M NaCI in Fig. 3 . These curves were obtained by a floating seven-point linear leastsquares analysis of the data given in Rg. 2. At 2 M NaCI, the molecular weight distribution is large, implying a mass action equilibrium among at least three predominant species. At 4 M NaCI, however, the concentration dependence is small above 0.2 mg/ml inner histories. The scatter in the data at low concentrations is so large as to pre- We note that at this histone concentration (1 mg/ml) the equilibrium ulrracenrrifugarion demonstrates that a considerable fraction of the protein has a molecular weight greater than the tetramer value (Fig. 3) .
The sedimentation coefficient S«-= 3.8 is in excellent agreement with other reports (1, 7, 8, 17) which attribute this value to a "heterotypic tetramer." Our sedimentation coefficient in 4 M NaCl, S_ n = 4.2, is somewhat smaller than Thomas and
Butler's (6) value of 4.8 in their 2.0 M buffer, which they attribute to an octamer; and° 3 -
-
[NOCI] («) Figure 4 . Dependence of inner histone sedimentation coefficient (520 w) on *"'* concentration. Samples were prepared by dilution of a 10 mg/ml stock solution of histories in 2 M NaCl to a final concentration of 1 mg/ml at the desired NaCl concentration. CentrTfugation was at 20.0°C and 40,000 rpm. our value in 2 M NaCI is smaller yet. We are unable to account for these discrepancies, particularly in comparing our 4 M^ value with Thomas and Butler's 2 M value, since little evidence for polydlspersity exists in either case. We also note that this sedimentation coefficient is higher than the value (2.54S) reported for pure H3-H4 tetramer (18) , though the latter value was determined under much different ionic conditions than any of the other sedimentation coefficients quoted here.
The uncertainty in the size and frictional coefficient of the histone octamer, as manifested by the range of values reported for the molecular weight and sedimentation coefficient of the inner hi stones, is very likely due to the strong concentration dependence (in 2 i W NaCI), salt and temperature dependence (9) , and pH effects (1, 9) which have been observed for inner histone associations. Nonetheless, both our data and the results of others (8, 9) strongly suggest that inner hi stones in solution are an equilibrium mixture which under favorable conditions (e.g. 4 M NaCI) can be driven into an octameric form. This octamer is presumably analogous to the "octamer" of histories (2 each of H2A, H2B, H3 and H4) found in nucleosomes.
Thus the inner histone complex can be viewed as a reversibly dissociating octamer although the dissociation mechanism is not fully specified by the sedimentation equilibrium method. Dissociation is favored by low protein concentration ( Fig. 3; refs. 8 and 9) or low salt concentration ( Figs. 3 and 4 ; refs. 9 and 19). Low temperature also shifts the equilibrium towards the octamer (9) . Acidic conditions (pH <6) tend to cause the complex to disproportionate into a mixture of homotypic species (9j. Despite this plasticity of subunit organization, there appears to be remarkably little alteration in histone secondary or tertiary structure accompanying these transitions. For example, the a-helicity of the inner histones is constant (51 ± 5%) between 1 M and 4.6 M NaCI (20) , despite the significant alterations in quaternary structure which occur between these salt concentrations. Furthermore, the intensity of tyrosine fluorescence of the inner histones is also unchanged between 0.6 M and 4 M NaCI although large changes in fluorescence intensity occur as a result of limited unfolding (i.e., partial loss of a-helix) below pH 5 (21) . These observations, plus the rapid establishment of chemical equilibrium among the oligomeric species present in the ultracentrifuge, imply that a variety of histone-histone interactions can occur with little or no change in the conformation of individual subunits; thus relatively small free energy differences exist between different association states.
In fact, the free energy change calculated assuming a heterotypic terramer? octamer equilibrium in 2 M NaCl is less than 6 Kcal mole (8) suggesting that only 2-3 weak interactions are involved.
The extremely delicate equilibria between these various histone oligomers suggests that the nucleosome particle may itself be in a state of dynamic balance between a number of conformational states. Very recently electron microscopic analysis of nucleosome crystals (22) has led to the same conclusion. We envision changes in histone-histone interactions (as manifested by salt, pH, and temperature effects on the subunit associations of free histones) causing subtle alterations in the shape of the rtucleosome which may in fact be necessary for gene activation or replication.
Studies of nucleosome diffusion and sedimentation coefficients as a function of ionic strength (23) indicate the presence of highly cooperative conformational changes in nucleosomes; similar conformational changes brought about by salt or pH have been studied by spectroscopic methods (24) . Shifts to low pH (~5), for example, may reflect a relative strengthening of homotypic H3-H4 interactions at the expense of heterotypic interactions, with a consequent alteration of particle shape or stability. Such a change may mimic similar structural changes brought about in vivo by histone modification or binding of regulatory factors to the nucleosome.
